tion by each fetoplacental unit (FPU) is taken up by the fetus. The fetal liver accounts for the largest fraction of the fetus (fetectomy) after day 16, 'igFe uptake by placenta was equal to or greater than that of the entire FPU and indicates that extraction of iron from the maternal circulation is a primary function of the placenta dissociable from and not dependent on a fetal acceptor. fetoplacental unit; fetectomy; gesta.tion; ferrokinetics;
:"F;e transfer T HE FETUS DERIVES its iron from maternal plasma (1).
The placenta provides an interface between the maternal and fetal circulation for extraction of iron from maternal plasma and transfer of the iron to the fetus. The transfer of iron, mother to fetus, is unidirectional, there being no evidence for the movement of iron in the reverse direction (1). In most species, with the exception of sheep (5) , the transfer of iron from the maternal circulation to the fetus appears to increase with advancing gestational age (3, 4). The rabbit has been studied most in this regard, and in this species, the fetal demands for iron appear to be adequately met by placental transfer (1) and no alternate pathways need be considered (3). In the rat, however, Magnusson (6) and Nylander (8) have sugested that the persistent yolk sac placenta may play an important role in the transfer of iron from mother to fetus.
These studies were undertaken to examine the patterns of iron accumulation in the fetus, placenta, and yolk sac at various intervals following intravenous injection of 5gFe into the pregnant rat. The data indicate that the transfer of iron from mother to fetus in the rat does increase with gestational age and that the principal transfer organ is the placenta with the yolk sac being quantitatively unimportant.
There is a rather marked and sudden increase in iron transport across the placenta, between 14 and 16 days of gestation in the rat, which coincides with the onset of hemopoiesis in the fetal liver. Possibly the onset of hemopoiesis in the fetal liver induces increased avidity of the placenta for iron at this time.
MATERIALS AND ME'THODS Rats, of the Holtzman strain, were housed in airconditioned quarters under standardized conditions of light, temperature, and humidity. They were allowed free access to food and water.
The onset of pregnancy was determined by the presence of sperm in the morning vaginal smear of a female, housed singly with a male on the previous evening. all fetuses were removed, was done under ether anesthesia. One microcurie of SgFe was injected by saphenous vein immediately after the abdomen was closed, Animals were killed either 120 min or 24 hr after injection and the tissues were handled according to procedures described above.
Maternal plasn~a iron was determined by the method of Ramsay (10). Maternal blood volume was determined by dilution of :lCr-labeled red blood cells (11).
RESULTS
Percentage of jgFe injected into mother accumulated by fetal bv tissue. The uptake of radioiron from ma ternal plasma yolk sac, placenta, and fetal tissues on gestat ion days 12 through 20 is presented in Table 1 . There is a steady increase in percentage of SgFe retained by the fetus as it grows older. The percent of injected radioiron in the in the yolk sac plateaued at fetus rises rapidly from a low of 0.25 % on day 14 to 5.5 % on the 20th day of gestation. The most marked change in accumr ,rla tion of tracer iron occurs between days 14 and 16 and contin ues, somewhat abated, through day 18. At this time, approximately one-half of the 59Fe in the fetus is found in the fetal liver.
The percentage of injected radioiron in the yolk sac and placenta undergoes little change. Neither the yolk sac nor the placenta accumulate appreciable amounts of "9Fe throughout this period although, relative to the fetus itself, the majority of the radioiron in the total fetoplacental unit is found in these tissues between days 12 and 14.
These data suggest that the fetal placenta is primarily a transfer organ and has little importance in the storage of iron. Furthermore, the yolk sac does not appear to play a perceptibly important role in the transfer of iron to the fetus at any time during gestation. After day 14 the maJ or portion of the tracer iron accumulated by the fetoplacental unit is in the fetus at the end of the Z-hr experimental period. The uptake of ;'9Fe by the component tissues (yolk sac, fetal placenta, fetus) at each implantation site was totaled. This total which represents the recovery (percent of the injected dose) of "9Fe for each fetoplacental unit, at each gestational age, was multiplied by 9.6 which was the average number of fetuses per mother in this experiment.
This calculation represents the percentage of the injected tracer cleared from the maternal circulation by the conceptus, i.e., the total number of fetoplacental units, during the Z-hr experimental period. Rate of accumulation of Ve by various fetal tissues at dzyerent stages of gestation. The pattern of "9Fe transfer from mother to fetus is illustrated in Fig. 1, A, B , and C. Fetuses, yolk sacs, and placentas were removed 30, 60, and 1.20 min after -intravenous radioiron injection into pregnant rats at three representative stages of gestation (14, 16, and 20 days).
The radioactivity recovered from each fetus and its auxiliary structures was totaled. The total radioactivity in each fe toplacental unit at each time period was considered as 100% an .d the contribution of each tissue was calculated as a percen tage of that total. These percentages were then plotted against posti njection time for each of the three representative gestational ages. The merit of this procedure is that it illustrates the relative contribution of each tissue to the total recovery of the fetoplacental unit (clearance of 5gFe from maternal circulation) at each time period as well as the changing pattern of recovery at different stages of gestation.
At 14 days (Fig. lA) , more than 75 % of the total recovered radioactivity was present in the fetal placenta within 30 min after injection into the mother. The relative percentage of SgFe recovered from the placenta fell progressively throughout the course of the experiment while there is continued accumulation of "9Fe by the fetus. Initially, the uptake of the yolk sac was equal to that of the fetus, but after the first 30 min, the percent recovered approximately 18 % of the total.
At day 16 (Fig. lB) , there had been a radical alteration in the transfer pattern.
Placental transfer of "9Fe from maternal to fetal circulation was markedly accelerated. At 30 min after injection into the mother, only 45 %I of the recovered radioiron remains in the placenta as opposed to 77 'X at 30 min in the 14-day placenta. The pattern of recovery of SgFe bv the fetus is essentially the reciprocal of placental loss. 'The yolk sac accumulated about 10 % of the total zgFe recovered bv 30 min and plateaued at that level. As noted in Table  I , there was a further marked increase in the rate of transfer of "9Fe by the 20th day of gestation. Within 10 min after injection of "9Fe into the mother, 50 '%J of the total SgFe recovered in the fetoplacental unit was in the fetus (Fig. 1C) . By 75 min, the fetus had accumulated almost 90 S: of the recovered j9Fe and there were no further significant increases after that time period.
Placental transjmrt of iron to tile fetus. this possibility, calculation of iron transport, expressed as micrograms of iron/Z hr for the individual days was made using the formula: c;;'c 59Fe in fetus at 2 hr X pug Fe/ml maternal plasma X maternal plasma volume in ml = r-19 Fe to fetus/2 hr. The calculation assumes a steady state of rraternal plasma iron during the 2-hr period of tracer study and one-way (maternal plasma to fetus) transit of iron (Table 2) .
The data which are presented in Fig. 2 (Fig. 4) . The 24-hr uptake of radioiron was not different from the 120-min uptake in either the intact or fetectomized rat. In either case, the percentage of injected 5gFe in the placentas of the fetectomized animal was significantly greater than that in the placentas of intact rats. should result in a significant diminution of placental uptake of iron. Figures 3 and 4 show the results of the studies designed to evaluate the effect of fetectomy on placental accumulation of tracer iron. Following the essentially bloodless removal of the fetuses, the abdomen was closed and the mother was immediately injected with 59Fe. Fetectomized animals were then separated into two groups. The placentas in one group were assayed for "9Fe after 2 hr (Figs. 3 and 4) and the 59Fe in the placentas of the second group was assayed after 24 hr (Fig. 4) .
It is apparent from the data presented in Fig. 3 that, although the amount of j9Fe accumulated by the fetus, placenta, and yolk sac (total fetoplacental accumulation) increases with advancing gestational age, the amount retained by the intact placenta does not change. Removal of the fetuses at day 14 does not alter the relative role of the placenta in 59Fe clearance and transfer, but fetectomy at day I6 results in the placenta accumulating significantly more "9Fe than when the fetus was present. On days 18 and 20, the amount of "9Fe accumulated by placentas from which fetuses had been removed prior to injection was equal to the total uptake of the intact fetoplacental unit (fetus, placenta, and yolk sac) of the same age.
The possibility exists that the state of 59Fe in the placenta, from which the fetus had been dissociated, is of a different nature than that found in the intact placenta and may represent iron trapped in transit at the time of DISCUSSTON The data presented in this paper confirm and extend the observations made in the rabbit (1, 3) , that transfer of 59Fe from the maternal circulation to the fetus increases with advancing gestational age. The sheep (5) differs in that the transfer of iron from the mother to fetus is reported to decrease in the last third of pregnancy from levels noted in midgestation.
These experiments also support the idea that early in pregnancy a higher 4. Percentage of injected 5gFe recovered from the fetal placenta of an intact conceptus (intact) and from the fetal placenta separated from the fetus by fetectomy (jet-x). Radioactivity measured 120 min and 24 hr after iv injection into mother on 20th day of gestation.
The distance between the dots represents twice the standard error of mean. Each point represents a minimum of four pregnant rats.
percentage of the small amounts of iron extracted from maternal plasma by the fetoplacental unit is incorporated into yolk sac and placenta (3). Later in gestationmost of the iron goes directly and rapidly to the fetus via the placenta.
The role of the yolk sac and placenta in the transfer of "9Fe from mother to fetus is influenced by a number' of factors. Neither of these organs, in the intact pregnant rat, possessed any great capacity for the retention of "9Fe. In fact, the percentage of "9Fe found in the yolk sac never exceeded 20 5% of the amount taken up by the fetoplacental unit at 14 days (Fig. 1A) . From this point the relative content of yolk sac "9Fe fell markedly (Fig.  1, B and C) . With respect to the placenta, the most striking developmental feature is the rapidity of transfer of iron from this organ to the fetus (Fig. 1, A 1 and 2, Fig. 1) . Bothwell suggests two possible mechanisms to explain the phenomena, e.g., the maturation of an active transport system in the placenta which pumps iron from mother to fetus or a diminished maternal need for iron which makes a greater proportion of the circulating maternal iron available for delivery to the fetus. Our data with regard to these mechanisms are incomplete and possibly both mechanisms are operative. We have evidence which suggests that there is a decreased incorporation of 5gFe by maternal red cells after &JS 16 to 16 (Heyssel and Glasser, unpublished observations). Since this occurs at a time when maternal plasma iron concentration is falling, this may indicate diminished maternal hemoglobin synthesis. On the other hand, there is no doubt that the maturing fetus makes greater demands on available iron and that there is enhanced ability of the placenta to clear iron from the maternal plasma and transfer it to the fetus. The primary control on clearance of iron from maternal plasma could be due either to independent maturation of a placental iron transfer system or simply secondary to more rapid rates of removal of iron from the placenta by the fetus. Probably both processes occur simultaneously.
The results of experiments with fetal placental dissociation suggest strongly that the enhanced ability of the placenta to clear iron from maternal plasma is an active process and is not dependent on the presence of a fetus after the 16th day of gestation (Fig. 3) . In the 2-hr period following fetectomy the amount of iron removed by the placenta from maternal plasma is similar to the amount removed by the entire intact fetoplacental unit. During the next 22 hr there is no change in concentration of radioiron in the placenta. The results are compatible with the interpretation that the placenta acts as an independent interface or compartment between fetus and maternal plasma in the transfer of iron and, in turn, the fetus extracts iron from the placenta. It is of interest that this is a one-way process; return of iron to maternal plasma does not occur (1). This probably does not represent a true iron-storage function of the placenta but rather indicates that, in the absence of the fetus, iron simply piles up in the placenta, most likely in the form of ferritin and hemosiderin (Glasser and Heyssel, unpublished observations). 
